a significant portion of pediatric neurosurgery cases. Potentially modifiable risk factors for 30-day readmission among the non-shunt operations would be expected to be divergent from those of patients undergoing shunt surgery, and they bear independent analysis.
In this study, we review the outcomes of non-shunt neurosurgical procedures performed within a 4-year time period. The outcome measures used are emergency department (ED) visit, readmission, and reoperation within 30 days of discharge. Clinical events that ensued following a non-shunt surgery are documented. An analysis of the clinical, demographic, and socioeconomic factors associated with various clinical end points follows. Significant efforts were spent categorizing surgical procedures in clinically meaningful ways because we hypothesized that procedure types are strong prognosticators of clinical outcome. In the discussion, a comparison between findings in the shunt and non-shunt surgeries is provided.
Methods

Inclusion and Exclusion Criteria
During 2924 index admissions between May 1, 2009 , and April 30, 2013, 3098 non-shunt neurosurgical procedures were performed at a single institution (Children's Healthcare of Atlanta) by board-certified and board-eligible pediatric neurosurgeons and fellows. There were 155 index admissions that contained 2 or more neurosurgical procedures. The first neurosurgical procedure within the index admission was labeled as the index procedure. Index admissions included in this study were defined as those admissions involving a non-shunt neurosurgical procedure. Patients with existing shunts but who were without definitive signs of shunt failure at the time of the non-shunt index procedure were included.
An admission was excluded from the study if: 1) the index procedure was associated with current procedural terminology (CPT) codes referring to a shunt (62190 to 62258); or 2) the index procedure was preceded by a shunt operation (identified with the CPT code) within 30 days prior to the index procedure; or 3) the index surgery was not shunt related but was later followed by a shunt insertion or revision during the same admission.
Data Fields: Categorizing Neurosurgical Procedures
All 3098 non-shunt neurosurgical procedures were categorized and subcategorized based on review of operative reports and electronic medical records, as shown in Table 1 . The categories were adapted from the Accreditation Council for Graduate Medical Education (ACGME) Neurological Surgery-defined case categories (CPT code mapping areas) with modifications. For instance, ventricular access device placement falls under "minor procedure" in the ACGME case categories, but is labeled as a standalone category in this study because of the frequency of this operation in the pediatric population.
If a patient underwent 2 separate procedures in a single operation, the procedure of higher acuity, adjudicated by the senior author (J.J.C.), was designated to be the representative procedure and categorized as such. For example, if a patient underwent external ventricular drain placement and craniotomy for tumor resection during a single visit to the operating room, the craniotomy for tumor resection was categorized as the representative procedure. However, if the external ventricular drain and tumor resection were performed in 2 separate visits to the operating room, these were then counted as 2 separate procedures and given equal weight in the statistical analysis.
Other Data Fields
Demographic, socioeconomic, and clinical characteristics were prospectively collected electronically with the following software: EPIC ASAP (emergency department), OpTime (surgical department), EpicCare Inpatient (inpatient service), EpicCare Ambulatory (outpatient clinic visits), and ADT (admission-discharge-transfer application). Data from the individual databases were then exported into a single operational database on an Oracle platform (Oracle 11g), available for queries by physicians and administrators. This database was not restricted to neurosurgical patients and included all visits to the system. The Information Technology Department of the hospital system was responsible for the maintenance and verification of the information accuracy. With few exceptions, when individual charts were reviewed for this study, the accuracy of the data was confirmed.
Demographic data fields that were collected included age, primary language, race/ethnicity, zip code, and primary payer status (public assistance and self-pay vs private insurance). Data fields that were related to the surgeries included surgeon identity, hospital length of stay (LOS), procedure length, starting time of the procedure, admission source (elective admission vs admission from ED), CPT code and surgeon-dictated procedure comments (a short description entered by operating room circulating nurses), and operative reports. If surgery began after 3 p.m. but before 7 a.m., it was labeled as an "after-hours" surgery. Admissions to pediatric and neonatal intensive care units (PICUs and NICUs, respectively) were also captured.
Statistical Methods
Multivariate logistic regression analysis was used to assess whether risk factors independently correlated with dependent variables. The multivariate model was constructed based on the following independent variables: age (in months), self-pay or public assistance (yes/no), Caucasian (yes/no), English speaking (yes/no), address zip code belonging in the Atlanta metropolitan area (yes/ no), admission from ED (yes/no), ICU stay after surgery (yes/no), LOS (in days), procedure start time after 3 p.m. (yes/no), and surgery types (see below). Procedure length was not used as an independent variable to construct the model because it is strongly correlated with the type of surgery. Dichotomized dependent variables included ED returns (n = 353), all-cause readmissions (n = 304), neurosurgery readmissions (n = 207), and neurosurgery reoperations (n = 153). There were at least 10 outcomes for each independent variable eligible to be included in the logistic regression model.
The association between surgeon identities and dependent variables was separately analyzed using univariate analysis and no association was found. Furthermore, univariate associations of surgery types (Table 1) with various dependent variables were analyzed, and those surgery types that were found to be significant (p < 0.05) were entered into the multivariate analysis.
Results
Categorizing Neurosurgical Procedures
There were 3098 non-shunt surgeries in 2924 index admissions over the 4-year period. Descriptive statistics of the surgeries and patient cohort are provided in Tables  1 and 2 , respectively. There were 155 index admissions during which more than 1 surgery was performed. The most common clinical scenarios were as follows: subdural grid placement followed by removal of grid and corticectomy (n = 46), placement of an external ventricular drain followed by tumor resection (n = 43), and trauma craniectomy followed by cranioplasty (n = 22).
The 4 most commonly performed cranial procedures were craniotomy for tumor resection, craniotomy for traumatic injury, craniosynostosis repair, and Chiari malformation decompression. Together, they represented 1110 of 3098 cases. Craniotomy for epilepsy and cranioplasty procedures, which included patients with congenital skull defects and traumatic brain injuries, were the next two most commonly performed procedures (Table 1) .
Among the spinal procedures, treatment for occult spinal dysraphism, including filum lipoma, dermal sinus tract, dermoid tumor, diastematomyelia, and lipomyelomeningocele, was the most common. In the category of "others," it was notable that the number of cases of wound revision and washout was significant (n = 223, 7.2% of all cases). Furthermore, the number of cases involving intracranial pressure (ICP) monitor placement (n = 90), vagus nerve stimulator placement (VNS, n = 157), and baclofen pump placement (n = 146) totaled 393 (12.7% of all cases). This last grouping deserved special attention because these patients were likely to be medically complex and the case volume was not insignificant.
Sources of Readmissions Within 30 Days of Discharge
A summary of readmission sources and events occurring after the readmission is shown in Fig. 1 . The allcause readmission rate within 30 days of non-shunt surgery was 10.4% (304/2924). Within 30 days of discharge, there were 353 ED visits that resulted in 173 readmissions (49%). Forty-seven readmissions were transfers from outside hospitals. There were 1536 postoperative neurosurgery clinic visits within 30 days after discharge, leaving a 30-day return to clinic rate of 52.5%. Eleven direct admissions from the neurosurgical outpatient clinic were identified.
All readmissions were designated to a hospital inpatient service. A "related readmission" was defined in this study as any readmission to the neurosurgical service. Surgery may or may not have been performed within the readmission. Children who were admitted to other services but later underwent neurosurgical procedures were classified under neurosurgical reoperation. As shown in Fig. 1 (gray boxes) , the rate of related readmission within 30 days of discharge after non-shunt surgery was 7.1% (207/2924).
Neurosurgical Reoperations
One hundred eighty of the 304 all-cause readmissions were associated with 1 or more operations during the hospitalization, and 153 of those operations were performed by the neurosurgical service (Fig. 1 ). As such, the rate of neurosurgical operations within 30 days of discharge was 5.2% (153/2924). Of these 153 operations, there were 98 non-shunt procedures, which included wound revision (n = 30), craniotomies (n = 15), laminectomies (n = 12), insertions of external ventricular drains (n = 8), placement of lumbar drains (n = 6), and removal of intrathecal baclofen pumps (n = 5), among others. Notably, even though this study had excluded index shunt surgeries but did include patients with existing shunts, there were 20 shunt revisions within 30 days after the index non-shunt surgeries.
These 153 neurosurgical reoperations were further divided into 2 groups: planned and unplanned operations. A clinical scenario from the planned group would be, for example, after a cranial encephalocele closure, a child is followed as an outpatient and brought in for an elective shunt insertion after identification of progressive hydrocephalus. There were 73 planned readmissions for neurosurgical procedures, including shunt insertions/revisions (n = 23), wound revisions (n = 11), and craniotomies (n = 8).
In the unplanned reoperation group (n = 80), the most common operation was urgent or emergency shunt insertion in patients whose index surgeries were either ventricular access device insertions or myelomeningocele closures (n = 18). Additionally, 6 shunt revisions were performed in patients with previously existing shunts. Other reoperations included 18 wound revisions and 6 baclofen pump revisions. In the risk factor analysis provided below, special attention was paid to this patient group who underwent unplanned reoperations.
Risk Factors Associated With Patient Subgroups
Multivariate analysis was used to identify clinical and demographic factors that were predictive of clinical events after non-shunt surgeries. The following 5 clinical events were designated as the dependent variables: return to ED, all-cause readmissions, all neurosurgical readmissions (related readmissions), neurosurgical reoperations, and unplanned neurosurgical reoperations. The result of the multivariate analysis is summarized in Table 3 .
With return to the ED as a dependent variable (n = 353), multivariate logistic regression identified LOS to be a statistically significant risk factor. Stereotactic brain biopsies and insertion of baclofen pumps and vagus nerve stimulators were 3 types of procedures also identified as significant risk factors for returning to the ED. Patient payee status was not a significant risk factor.
For both all-cause and neurosurgical readmissions, NICU stay during index admission and undergoing a minor procedure during index admission were significant risk factors. In addition, a longer LOS correlated with an increased likelihood of being readmitted, though not necessarily to the neurosurgical service (Table 3 ).
In the group of patients who underwent neurosurgical procedures (planned and unplanned) after readmission, NICU patients and patients who underwent minor procedures were at risk. Interestingly, if the index procedure was started after 3 p.m., this significantly predisposed patients to subsequent operations. In the analysis of the group of patients who experienced unplanned visits to the operating room, procedure start time after 3 p.m. was identified as the only statistically significant risk factor by multivariate regression analysis.
Discussion
Rationale for the Study
A descriptive investigation of clinical events that occur within 30 days of discharge following non-shunt surgery is provided in this study. It first establishes the percentage of readmissions associated with patient care provided by the neurosurgical service. Without an accurate depiction, the neurosurgeon may be held accountable for readmissions that are beyond his or her influence.
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Second, the study highlights whether potentially modifiable risk factors are present. If they were identified, protocols targeting these areas may be implemented as quality improvement initiatives.
In designing this study, the first and foremost consideration was to separate shunt and non-shunt surgeries. Previously we had documented the strong relationship between shunt surgery itself and early patient readmissions. 3, 14 This correlation, while vital to a complete apprehension of factors driving early readmission after all pediatric neurosurgical procedures, is a powerful confounder in statistical models. Carefully teasing the impact of shunt surgery apart from non-shunt neurosurgical procedures allows for a clearer analysis of clinical factors that are not shunt related. A second consideration was to include patients with shunts whose index procedures were not shunt related. These were patients with shunts who were without definitive signs of shunt failure at the time of a non-shunt index procedure. Ideally, one may wish that these patients should be excluded. However, to do so, one would have to rely on problem and diagnosis lists in the administrative database to identify these patients. Knowing the inaccuracy of the recorded ICD-9 codes in the administrative database based on our previous review of medical records, we did not feel confident that these patients could be accurately identified. Therefore it is out of practical consideration that these patients were included.
At-Risk Patient Groups
After baclofen pump insertion and revision, VNS insertion and revision, and stereotactic brain biopsy, there is an elevated risk of return to the ED within 30 days of the procedure. Importantly, the same procedure categories were not found to be at increased risk for readmissions or reoperations ( Table 3) . As these patients do not typically warrant readmission to the hospital, their ED complaints can be assumed to be very subtle or too mild to rise to the level of inpatient care. This suggests an ED utilization pattern that may be independent of medical necessity and may be amendable to modifications via patient education or other social support-targeted programs. One may speculate that the high anxiety and medical complexity of these patients may have attributed to this observation.
Neonatal ICU stay during the index admission was identified as a significant risk factor in all-cause readmissions, neurosurgery readmissions, and all neurosurgery reoperations (planned and unplanned; Table 3 ). The unique challenges and needs of these premature infants have been well documented. NICU patients suffer from higher rates of infection and ventilator dependence than their non-NI-CU counterparts, factors that complicate postsurgical care and predispose patients to early returns to the hospital. 1, 4 In other words, reducing readmission and reoperation rates among neurosurgical non-shunt NICU patients may be impossible without general advances in neonatal care or, at the very least, will require multidisciplinary care to ensure that all postoperative and nonoperative medical issues are thoroughly resolved prior to discharge.
With the same analytical results but for a different reason, patients who underwent minor procedures, such as ICP monitor placement, lumbar puncture, and lumbar drain placement, were also found to be at risk for readmissions and reoperations. Despite the label of "minor" procedure, these patients were selected for invasive diagnostic testing to resolve diagnostic dilemmas. This raised the pretest probability of the target adverse events (readmission and reoperation) and, in this manner, influenced the observed posttest probability. We found that minor procedures are 2.8 times more likely to be followed by another neurosurgical procedure (both planned and unplanned) within 30 days compared with other procedure types. However, minor procedures are not more likely to be followed by an unplanned neurosurgical procedure (Table 3 ). This suggests that the operations after minor index procedures were likely to be staged or planned.
Comparing Results of Shunt and Non-Shunt Surgeries
In Table 4 , selected clinical and socioeconomic factors are listed to highlight the differences between patients who underwent shunt and non-shunt surgeries. Compared with non-shunt patients, patients with shunts had a shorter LOS and were more likely to be admitted from the ED, less likely to be admitted to ICU afterward, and more likely to have Medicaid listed as payee. This last characteristic was unexpected and had not been previously reported, to the best of our knowledge. As predicted, the rates of reoperation and readmission were higher following shunt surgeries than non-shunt surgeries.
Perhaps the most interesting result from the statistical analysis was the finding that with unplanned neurosurgical reoperations as the dependent variable, having a procedure start after 3 p.m. was a significant risk factor (Table 3) . This finding matches the finding from our previously conducted shunt readmission study, 3 thereby confirming that after-hours surgery is a promising factor for future study (Table 4) . It is crucial to point out that procedure start time is only a surrogate marker (similar to hospital LOS). It is a variable that can be confounded by status of patient condition at presentation, care delivery in the ED, reduced staff in the operating room, and surgeon fatigue, just to name a few. The measurements of these factors were imperfect and nearly impossible at times, and their modifiability varies. There might even be more unknown unmeasured factors. While a multivariate analysis is able to eliminate confounding effects of multiple risk factors, it can only adjust for measured variables. Presenting to the hospital in a poor clinical state or having emergency cases that often bring in patients with severe conditions or trauma after hours is likely not a modifiable risk factor to be considered in preventability studies. Studies are ongoing at our institution to further delineate the causes of this association.
Limitations of the Study
The categorization of procedures continues to represent a challenge in this study and others. 2, 4, 6, 12 To a certain degree, it is subjective in nature, and in this study it was determined by a single surgeon. Even though the ACGME coding practice was followed, modifications were made to reflect the needs of pediatric patients. Variation in the accuracy and reliability of the assignment can potentially alter the analysis results.
The decision to include patients with shunts whose index procedures were not shunt-related could be controversial. As previously discussed, these patients were included because of practical reasons. Lastly, even though this study includes a large number of surgeries, they originate from a single institution, therefore the results are limited to a small collection of practicing physicians in one locality. 3 † All of the shunt reoperations were unplanned.
